The fundamental multiphase flow characteristics of the two-dimensional cavitating flow of magnetic fluid in a vertical venturi channel under a strong nonuniform magnetic field are numerically predicted to realize the further development and high performance of the new type of a two-phase fluid driving system using magnetic fluids. First, the governing equations of the cavitating flow of a hexane-based magnetic fluids based on the unsteady thermal nonequilibrium two-fluid model are presented and several two-phase flow characteristics are numerically calculated taking into account the effect of the strong nonuniform magnetic field. Based on the numerical results, the two-dimensional structure of the cavitating flow and cloud cavity formation of the magnetic fluid through a vertical venturi channel are shown in detail. The numerical results demonstrate that effective two-phase magnetic driving force and fluid acceleration at the venturi channel are obtained by the practical use of the magnetization of the working fluid. Also clarified is the precise control of the cavitating flow of magnetic fluid that is possible by effective use of the magnetic body force which acts on cavitation bubbles.
Numerical Analysis of Cavitating Flow of Magnetic Fluid
in a Vertical Venturi Channel
Introduction
The precise investigation of cavitation or two-phase flow phenomena of magnetic fluid is very interesting and important not only as the basic studies on hydrodynamics of magnetic fluids, but also for finding solutions to problems related to the development of practical engineering applications of magnetic fluids, such as new energy conversion system using two-phase flows of magnetic fluid which was proposed by one of the authors (1) , (2) . The principle of such a fluid driving system is that the flow is accelerated in the region of the converging venturi nozzle section, and the cavitation inception is induced at the downstream point of the throat of a diverging venturi nozzle section due to a pressure decrease. Furthermore, the flow is additionally accelerated not only by the pumping effect of the cavitation bubbles, but also by the rise of magnetic pressure induced by the unbalance of magnetic body forces in the single-and two-phase flow regions under a nonuniform magnetic field. The idea of using a two-phase flow system originated from the twophase liquid-metal MHD power generation system which was proposed and developed by Petrick and Branover (3) . After their proposal, we reported the results of a theoretical study which demonstrated the possibility of using an electrically conducting magnetic fluid (4) , (5) as a working fluid in a liquid-metal MHD power generation system (6) , where it was shown that a better driving force or pressure rise than that of the conventional system was obtained by using an electrically conducting magnetic fluid as the working fluid due to the practical application of the magnetization of the fluid. According to these previous studies, it is likely that high performance of the power generation system is possible by applying the electrically conducting magnetic fluid to a working fluid in the two-phase LMMHD (7) , (8) power generation system. In the past few years, theoretical and experimental studies on the basic characteristics of two-phase flow of magnetic fluid were conducted and the possibility of flow control or effective driving force generation by magnetic force in the new energy conversion system using twophase flow was confirmed (1) , (2) . It was also concluded that stabilization of two-phase flow is possible by effective application of the magnetic force of the fluid (2) , (9) . In the application of the two-phase flow of the magnetic fluid to an actual fluid transport apparatus, it is important to determine a simple and effective method to generate the twophase flow state for the improvement of the total performance of a fluid driving system using multiphase flow.
However, conventional two-phase flow systems essentially require a powerful heat source or gas-injection equipment for generation of the boiling two-phase flow or gas-liquid two-phase flow state. Additionally, the research on methods for the production of the two-phase magnetic fluid flow state have not been precisely focused, and only a few studies have so far been made on the basic mechanism of the cavitating flow due to the difficulty of confirming experimental and theoretical results in high-speed two-phase magnetic fluid flow with phase change. In order to overcome these difficulties, we contrived a new type of two-phase fluid driving and acceleration system by using cavitating flow of magnetic fluid, which has conspicuous feature that there are no-heat sources or no-additional gasinjection devices except for venturi channel. Based on an advanced mathematical model, which takes the effect of two-phase magnetic body force acting on cavitating magnetic fluid flow state into consideration, we herein develop a new method for analyzing cavitating flow.
In the present study, two-dimensional characteristics of cavitating flow of magnetic fluid in a vertical venturi channel with phase change are numerically investigated to demonstrate the further development and high performance of the two-phase fluid acceleration system or fluid transport applications. First, the governing equations of cavitating flow of magnetic fluid based on the unsteady two-fluid model in the generalized curvilinear coordinates system are presented, and then several cavitating flow characteristics are numerically calculated, taking into account the effect of the strong nonuniform magnetic field. 
Nomenclature

Governing Equations
The system used in the numerical analysis is schematically depicted in Fig. 1 . In the initial stationary state, the flow duct is filled with pressurized hexane-based magnetic fluid, and flow immediately occurs when the outlet D-C is opened. Magnetic fluid is continuously introduced with high speed via the inlet section A-B, the flow is accelerated at the point of the venturi channel, and the inception of cavitation is induced by a pressure decrease.
In the present numerical formulation of the cavitating flow characteristics of magnetic fluid, we extend the general two-fluid model to the new vapor-liquid multiphase fluid model taking into account the effect of strong nonuniform magnetic field for analysis, which is based on the unsteady thermal nonequilibrium two-fluid model of Kataoka (10) , and Harlow and Amsden (11) . In the numeri- cal model, the condition of the working fluid with the cavitating magnetic fluid flow structure can be approximated to form a homogeneously dispersed bubbly flow, because the physical properties such as latent heat for vaporization, density, viscosity and surface tension of the hexanebased magnetic fluid are very small compared with that of the pure water at room temperature. Accordingly, it seems reasonable to assume that the cavitating flow pattern is easily formed in the bubbly two-phase flow. In the process of modeling, to consider the effects of the rapid evaporation and condensation of magnetic fluid, we apply the rapid phase change model of Yamamoto et al. (12) and Young (13) to the cavitating flow of magnetic fluid. The calculation is carried out using the twodimensional generalized curvilinear coordinate system (ξ,η) as shown in Fig. 1 ; ξ and η denote the transverse and longitudinal coordinate, respectively. The model for analysis simulates the cavitating flow of magnetic fluid passing through the venturi channel in a vertical duct. It is assumed that the flow field is homogeneous in the η-direction and is symmetric to the central axis D-A as shown in Fig. 1 . The nonuniform magnetic field is applied in the longitudinal η-direction, which is parallel to the mainstream of working fluid flow. In the numerical modeling under this condition, the following assumptions are employed to formulate the governing equations.
( 1 ) The cavitating flow is a two-dimensional unsteady internal flow.
( 2 ) The magnetic field is not influenced by the existence of the gas phase.
( 3 ) The applied magnetic field is homogeneous and steady.
( 4 ) The energy exchange between the liquid and gas phases is taken into account.
( 5 ) The liquid phase is incompressible fluid. Under the above conditions, the governing equations of the cavitating magnetic fluid flow, taking into account the effect of nonuniform magnetic field based on the unsteady two-dimensional two-fluid model, are derived as follows.
The mass conservation equation for a gas and liquid phases is
where the subscript m denotes the gas phase (m = g) or liquid phase (m = l). t is the time, α g and α l are the gas and liquid-phase volume fraction, respectively, ρ g and ρ l are the gas and liquid-phase density, respectively. The relationship (α g +α l = 1) is assumed. u j g and u j l are the gas and liquid-phase contravariant velocity, respectively, Γ g and Γ l are the gas and liquid-phase generation density, respectively, ∇ j is the covariant differential. The superscripts and subscripts (i, j, k) denote the contravariant and covariant components, respectively, and the subscripts g and l denote the gas and liquid phases, respectively.
The combined equation of motion for a total gas and liquid phase is
where the second term of the right-hand side of Eq. (2) represents the magnetic body force term in two-phase flow, H i is the contravariant vector of magnetic field, M j is the contravariant vector of magnetization, g i j is the fundamental metric tensor, p is the absolute pressure, µ 0 is the permeability in vacuum, and g i r is the contravariant vector of gravitational acceleration.
Additionally, β T in Eq. (2) denotes the viscosity of the two-phase mixture flow that includes small dispersed bubbles. β T was evaluated using the following formula for the viscosity of a suspension (14) , (15) :
To consider the effects of additional forces that act on the bubbles and the effects of radial expansion of the bubbles, the equation of motion for the gas phase is here replaced with the translational motion of a single bubble (16) . Therefore, the Eulerian-Lagrangian twoway coupling model (17) , (18) is applied to predict the twodimensional cavitating flow characteristics.
The equation of motion for the gas phase is
where each additional force term is derived as follows: (20) caused by the velocity gradient of the liquid phase. C D is the drag coefficient, C V M is the virtual mass coefficient, R g is the equivalent bubble diameter, Ω i is the contravariant angular velocity, and ω i is the contravariant vorticity. d/dt denotes the substantial derivative.
The equation for the angular velocity of a bubble is derived as follows (20) :
The energy equation for the gas and the liquid phases is
In the above equation, the subscript m denotes the gas phase (m = g) or liquid phase (m = l). h the contravariant heat flow vector and Φ is the energy dissipation function, as described below:
Assuming that the mass of each vapor bubble and of the condensed liquid droplet in each computational location is constant results in the following mass conservation equation for number density, N k :
The governing equations of cavitating flow mentioned above are constructed by Eulerian-type equations for the liquid phase and by Lagrangian-type equations for the gas phase.
1 Constitutive equations
The drag coefficient, C D , and the virtual mass coefficient, C V M , are defined as follows (20) :
The energy balance condition at the interface of the gas and liquid phases is expressed by the following equation:
where h k = c pk T k ; (k = g, l). The detailed constitutive equations for interfacial energy transfer terms in Eq. (18) are given by following extended empirical formulas (21) , (22) :
where k (i) is the interfacial heat transfer rate between the gas and liquid phases, and is given by following equations (21) :
It is assumed that the energy transfer is caused by the heat transfer between the isothermal spherical bubble and the surrounding liquid. Assuming a spherical bubble with equivalent radius R g , the expression of the interfacial area concentration per unit volume a (i) is obtained by the following equation (10) :
In general, the interfacial transfer terms are proportional to the interfacial area concentration, a (i) . Therefore, a
is one of the most important parameters in the two-fluid model. Assuming that the vapor gas phase follows an ideal gas law and that the relationship between gas phase pressure, p g , and density, ρ g , obeys polytropic change, the following equation by Hirt and Romero (23) results:
α g ≥ α gc : α * g = α g , α g < α gc : α * g = α gc , where c l0 is the sound velocity in the hexane-base magnetic fluid at the initial state (c l0 = 1 050.0 m/s), and α gc denotes the threshold of the void fraction (α gc = 0.005) (23) . The constitutive equation for gas phase generation density, Γ g , is defined by the following equation:
where Γ ge and Γ gc denote the gas phase evaporation density and gas phase condensation density, respectively. By introducing constitutive equations for Γ ge and Γ gc to consider the effect of the surface tension (γ l ) in the cavitation inception process, we extend the classical nucleation theory for water droplets from subcooled vapor to the hexanebased magnetic fluid. Namely, Γ ge and Γ gc are assumed to be proportional to the degree of subcooling and superheat. Furthermore, if Γ gk (k = e, c) is expressed by the sum of the nucleation rate of the evaporated bubble or the condensed liquid droplet, and is also expressed by the increase in mass due to the growth of vapor bubbles and condensed droplets, the following equations for Γ gk are derived (12) , (13) :
In Eq. (24), subscript k has the same definition as that used in Eq. (16), R k is the radius of a bubble or droplet, R k(cr) is the Kelvin-Helmholtz critical nucleate radius, k B is Boltzmann's constant, I k is the nuclei generation rate of vapor bubbles or liquid droplets, A c is the condensation coefficient, Θ is the nonisothermal correction factor, m a is the mass of a single molecule of hexane, γ is the surface tension, is the gas constant, T s is the saturation temperature, and subscript i is the value at each calculation cell. ∆h denotes the latent heat which is described by the difference in specific enthalpy between the liquid and gas phases and is defined as ∆h = h l −h g . The temperature difference between saturation temperature and gas-or liquidphase temperature, ∆T , is defined as ∆T = |T s −T k |. N ki denotes the number density of the generated vapor bubbles or condensed liquid droplets at each calculation cell, i.
By introducing the formulation of the growth process for bubbles and condensed droplets, we assume that the growth rate of a bubble or droplet is controlled by the rate at which the enthalpy of vaporization or condensation can be conducted away from the bubble and droplets to the bulk liquid (24) . Under that assumption, the equation of the growth process for a single vapor bubble and a condensed droplet is derived as
where ∆T (i) denotes the interfacial temperature between the vapor phase and the condensed droplet and is derived by the following equation:
2 Numerical conditions and procedure
As a practical example, we use the fluid properties of the a hexane-based temperature sensitive magnetic fluid with manganese-zinc ferrite particles of 50% weight concentration (2) . The strength of magnetization M is approximated by the previous measurement data (2) , and is expressed as a function of temperature T l and the strength of magnetic field H as
Next, in order to consider the effect of nonuniform magnetic field as depicted in Fig. 1, the (25) and the measurement results of the magnetic field of the electromagnet which was used in the previous experimental study (1) , (2) .
where H max is the maximum magnetic field strength, η * denotes the normalized longitudinal coordinate which is defined as η * = η/η max , and ξ * denotes the normalized transverse coordinate which is defined as ξ * = ξ/ξ max . The H max on the electromagnet is installed in the position of the throat of the venturi nozzle. The finite difference method is used to solve the set of governing equations mentioned above. In the present calculation, the discrete forms of these equations are semiimplicitly obtained using a staggered grid. The grid is concentrated at the venturi nozzle wall to capture the cavitation inception precisely. Then the modified SOLA (numerical SOLution Algorithm for transient fluid flow) method of Tomiyama et al. (26) , which is superior for the formulation and solution of a gas liquid two-phase flow problem, is applied for the numerical calculation. The liquid phase velocity, u i l , at the location of bubbles is calculated using an area-weighting interpolation method which is used in the SMAC algorithm by Amsden and Harlow (27) . To determine the boundary conditions, free-slip condition for prescribed liquid phase velocity is applied to the central axis, D-A, nonslip condition for prescribed liquid phase velocity is applied to the sidewall, C-B, in Fig. 1 . Also, a fully developed parabolic velocity profile is continuously applied for liquid phase velocities to the inlet cross-sectional area of the flow duct, A-B. A convective outflow condition is applied for liquid phase velocities to the exit section of the duct, D-C. Adiabatic conditions are applied for thermal boundary conditions at the duct wall surface. The initial stationary condition of the liquid phase is assumed to be the pressurized fluid state.
The conditions for numerical analysis are listed in following Table 1 . For other physical properties used in constitutive equations, β l and λ l are given as a function of temperature and are defined by following empirical formula: Table 1 Condition for numerical analysis
The saturation temperature T s is given as a function of pressure. The other required physical properties of the liquid phase are given by the tables of the thermophysical properties of hexane (28) . The interval of each time-step is automatically adjusted during the computation to satisfy the CFL condition (15) . We actually calculated solutions on three different grid densities: 50×120, 60×150 and 100×220 nodes. As a result, we found that the each numerical result shows almost the same profile, the grid independence of the numerical results was confirmed. Thus, as a compromise between computer memory and accuracy, we chose to use the 60×150 structured grid in the ξ and η-directions for the calculations. While the execution of the unsteady calculation, no significant differences in the mean flow profiles are found in the 1 200 to 1 500 time-steps. We determined that the cavitating flow almost reaches steady state when such flow profiles are obtained. Figure 2 shows the numerical results of the transient evolution of the void fraction (α g ) contour, and Fig. 3 shows the instantaneous liquid phase pressure (p l ) contour. According to Fig. 2 , the cavitation inception effectively occurs at the position of the divergent venturi throat. In the case of strong magnetic field (H max = 115.3 kA/m), cavitation formation of cloud cavity at the diverging venturi throat is suppressed compared with that of nonmagnetic field (H max = 0 kA/m) due to the magnetic body force under a sharp magnetic field gradient. It was found that the growth rate of the volume fraction of cavitation bubble in strong magnetic field is smaller than that in nonmagnetic field. Immediately after the flow is initially induced, taking note of the primary feature of the void fraction profile under strong magnetic field, the void fraction profile elongated in the longitudinal direction of negative magnetic field gradient because the bubbles are accelerated and migrate due to the two-phase magnetic body force in the direction of the negative magnetic field gradient. The effect of two-phase magnetic body force is characterized by the second right-hand term in the momentum equation, Eq. (2).
Results and Discussion
With time elapses, because the magnetic body force based on the transverse magnetic field gradient acts so that the bubbles migrate from the wall into the center of the duct, it becomes clear that the void fraction is locally increasing near the central axis. Downstream of the venturi throat, although magnetic body force acts as a flow resis- tance, the forces are decreased due to the gas phase inclusion. In the two-phase flow region, not only the decreasing effect of flow resistance due to the negative magnetic field gradient, but also the pressure rise effect caused by the unbalance of the magnetic body force between single-and two-phase flow region is obtained. Furthermore, additional lift force operates in the direction which causes the bubbles to migrate in the duct wall direction. However, as the two-phase magnetic body force begins to dominate the bubbles, it is found that the large volume fraction region of gas phase moves to the central axis of the duct. According to this result, the gas phase motion is controlled not only by the buoyancy force but also due to the liquid phase pressure gradient, additional lift forces, and especially due to the two-phase magnetic body force that acts on the cavitation bubbles.
If the phenomenon applicable to the conditions of both strong magnetic field and nonmagnetic field is as ex- plained here, the gas phase volume fraction increases at the throat position and is concentrated to form a small cavity cloud downstream of divergent venturi nozzle due to the small vortex induced by the wake passing through the venturi throat, based on the effect of the negative pressure gradient. When the magnitude of the cloud cavity is above a certain size, due to the re-entrant jet resulting from the boundary layer separation, the cavity becomes detached from the cloud and then remains in the high volume fraction region as the gas phase moves downstream. Especially in the case of strong magnetic field, because the twophase magnetic ejection effect acts on the cloud cavity in the negative magnetic field gradient region, the separation of the cloud cavity is enhanced by the two-phase magnetic body force acting on the cavitation bubbles. Due to the suppression effect and magnetic ejection effect on the cavitation bubbles, and the enhancement of the cloud cavity separation, the magnitude of the cloud cavity under strong magnetic field becomes smaller than that of nonmagnetic field, and the more homogeneous two-phase flow is generated under strong magnetic field compare to the case of nonmagnetic field. Figure 4 shows the present numerical results of the liquid phase pressure rise effect of in the longitudinal direction, in comparison with the previous one-dimensional numerical result of its effect for the steady boiling twophase pipe flow of magnetic fluid, and the experimental results of pressure rise effect along longitudinal direction for steady boiling two phase pipe flow of magnetic fluid (2) . In this figure, the axis of the ordinate denotes the normalized pressure rise parameter, ∆p * l , and is derived by the following equation.
where p l(eff) is the cross-sectional mean effective driving pressure from which the influence on the prudence of the liquid phase fluid can be deducted. p l(in) is the inlet pressure. The axis of the abscissa in Fig. 4 denotes the normalized longitudinal coordinate η * (= η/η max ). Focusing on the present numerical result of cavitating magnetic fluid flow, the pressure rise effect based on the two-phase magnetic body force under an applied magnetic field region acts effectively at the initial stage of cavitating flow in the two-phase downstream region. However, as time elapses and the flow approaches steady state, it is found that the pressure rise effect, which is based on cavitating two-phase magnetic body force, decreases around the exit section of the duct. Comparing our previous results regarding the pres- (2) sure distribution of the boiling two-phase magnetic fluid flow (2) with the present numerical results, it is found that the present fluid acceleration system which uses cavitation can achieve a greater pressure rise effect. Therefore, when the fluid driving system which uses two-phase magnetic fluid is employed, rather high pressure rise effect resulting from the use of cavitation for two-phase flow production can be obtained. Figure 5 shows the effect of magnetic acceleration on the longitudinal liquid phase cross-sectional mean velocity, u η l , as a function of time, t. In the case of strong magnetic field (a), the fluid acceleration effect which is based on the two-phase magnetic body force, increases with the lapse of time. It is found that u 
